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ABSTRACT

The electrochemical nature of corrosion provides a

means of determining an almost instantaneous corrosion rate.

Corrosion rate and the nature of corrosion attack were

investigated for several high damping alloys based on the

Cu-Mn, Fe-Cr-Al, Fe-Cr- Mo, and Cu-Zn systems in 3.5% HaCl

solution. The results of Potentiodynamic polarization and

polarization resistance measurements were compared with the

results of actual sea exposures. A zero resistance ammeter

technique was used to measure the galvanic currents between

galvanically coupled metals. The magnitude of the galvanic

current provide an indication of the severity of galvanic

corrosion which occurs in a 3.5% NaCl environment. Scanning

electron microscopy (SEM) was used to determine the nature

of corrosive attack and the extent of film formation on the

surface of each corroding alloy. Results from Laboratory

and actual sea exposures showed that the Fe-Cr-Al and Fr-Cr-

Mo high damping alloys experienced severe localized

corrosion and pitting. 630 Bronze and Cu-Mn-Al based alloys

indicate low to moderate corrosion rates.
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I. INTRODUCTION

High damping alloys are used in various equipment and

structures which are subjected to corrosive attack. The

prediction of their performance in a corrosive environment

can be made using standard laboratory techniques. These

laboratory results can then be compared with the results

achieved in natural environment. The purpose of th.e present

research is to present the results and experimental

procedures used to obtain corrosion rates and corrosion

characterstics of high damping alloys in a marine

environment .

A number of experimental techniques were applied,

resulting in the determination of representative corrosion

rates and anticipated modes of corrosive attack.

Potentiodynamic Polarization and Linear Polarization

(performed on the Princeton. Applied Research model 351

Corrosion Measurement System) were utilized to determine the

simple metal corrosion rates of these alloys. A galvanic

corrosion technique was then used to measure the current

between galvanically coupled metals, in order to provide anI

indication of the severity of galvanic corrosion in various

cases. These techniques were also used for the

determination of a galvanic series for both high damping and

common baseline alloys in quiescent, 3.5% NaCl solution.

18



Results from concurrent sea exposure of the alloys

(conducted at The La Que Centre for Corrosion Technology,

Wright Sville Beach, N.C.) were compared with the laboratory

results to better characterize the corrosion behavior of the

high damping alloys for in-service marine applications.

Scanning electron microscopy was used following

laboratory experimentation and sea exposures to analyze the

modes of surface attack experienced by each alloy.

A brief summary of applicable corrosion/electrochemical

theory and analytical expressions are presented prior to

discussing procedures and results.

* 19
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II. BASIC CORROSION THEORY - A REVIEW OF EXPERIMENTAL

Many corrosion processes can be explained in terms of

electrochemical reactions. Measurements of current and

potential in a controlled environment can provide

information regarding corrosion rates, film formation and

pitting tendencies.

A. THE POTENTIODYNAMIC POLARIZATION TECHNIQUE

Potentiodynamic Polirization is an electrochemical

technique in which the potential of the metal sample of

interest is continuously scanned in the anodic direction.

Potential values achieved during the scan are plotted

against the current density (current per surface area). As

the specimen is scanned anodically, an oxide coating may

form on the surface of the specimen. Potentiodynamic

polirization measurements yield corrosion characteristics of

an alloy in a given aqueous solution.

Whe,.a metal specimen is immersed in a corrosive medium,

the sample assumes a potential relative to a reference

electrode. This relative potential is termed the corrosion

potential of the specimen, Ecorr. At Ecorr, simultaneous

anodic and cathodic reactions are occurring at the surface.

The specimen is at an equilibrium condition and no net

20



external current is passed. The rate of oxidation and

reduction are equal at Ecorr.

An example of a potentiodynamic polarization experiment

is shown in Figure 1. Region A exhibits typical active

corrosion of the sample. At B, a continued increase in

applied potential results in a decreasing current density,

ctrresponding to a decreased rate of corrosion. This occurs

at the onset of film formation. Region C is characterized

by decreasing current density with further increase in

potential, as the passivating film develops and more fully

covers the surface of the sample. Region D shows minimal

changes in current density as the potential in increased;

* this is designated as the Passivation Region. A further

increase in potential may result in an increase in current

density and a breakdown of the passivating film, so that

Region E is designated as the Transpassive Region and is

usually characterized by pitting of the sample.

Corrosion rates can be obtained by extrapolation of the

linear (Tafel) regions (near Ecorr) for either the anodic or

cathodic branches of the potentiodynamic polarization plot,

or both. For example, Figure 2 shows extrapolations of the

Tafel regions intercepting at Ecorr. The value of current

density at the intercept is defined as icorr, which is

directly related to corrosion rate calculations. The Tafel

regions generally start +/- 50 my from Ecorr and may extend

from 1 to 3 decades in length on the current density axis.
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However in many experiments, the Tafel region can be

extremely limited, and determination of slopes in the Tafel

region (Ba, Bc) can prove extremely difficult. This point

will be addressed later in more detail. Once a value of

icorr is determined, corrosion rate calculations can be made

using Faraday's Law:

nFW

M

where Q =Coulombs

n - number of electrons involved in the

electrochemical reaction

F = the Faraday, 96,487 coulombs

W = weight of the atomic species

M = the molecular weight

Since M/n is defined as the Equivalent Weight of the

sample, and Q is equal to current multiplied by time, the

following relationship holds:

W (E. W) icrr

t F

where W/t is the corrosion rate in grams per second.

Corrosion rate is typically expressed in milliinches per

year (mils per year). Dividing Equation (2) by the sample

area and density and using appropriate conversions results

in the following:

22
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0.13 icorr (E.W)
C.R (mpy) - (3)

d

where icorr = the corrosion current density ( A/cm2 )

E.W. = the Equivalent Weight of the material (g)

d = the density of the sample in g/cm3

C.R. = corrosion rate in mils per year (mpy)

Equation (3) can be used to calculate the corrosion rate of

a given alloy in mils per year.

Advantages of the potentiodynamic Polarization method

are:,

1. Readily apparent observation of film

formation/passivation.

2. Determination of the rate of corrosion.

3. Relatively short period of time required for

completion of the experiment.

Disadvantages of this method are:

1. Tafel slopes may be very difficult to determine.

2. Scanning the sample deteriorates the sample's

surface preventing further experimentation using the

same sample.

23
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B. POLARIZATION RESISTANCE TECHNIQUE

The Polarization Resistance Technique is a rapid method

for determining the corrosion rate of a tested material.

The experimental apparatus is identical to that used for the

Potentiodynamic Polarization technique. However, potential

scanning of the sample is only performed over a small range

(+/- 25 mV) near Ecorr. In this region of scanning, the

applied current density is a linear function of the applied

potential. Current density and potential are both plotted

on a linear scale as shown in Figure 3.

The value for icorr is directly related to the slope of

the Polarization plot by the Stearn-Geary equation:

Ba Bc
P.R - (4)

2.3(icorr ) (Ba +Be)

where P.R. slope of the Polarization Resistance plot in

Ohms

Ba, Bc = Tafel slopes in Volts/Decade

icorr = corrosion current density in uA.

Rearranging Equation (4) yields:

BaB 1
icor r = - (5)

2.3(Ba +Bc) P.R

Solving for icorr using Equation (5) allows for direct

substitution into Equation (3) for determination of

24 .,



corrosion rate. The major advantage of this method is the

speed of determination-of a sample's corrosion rate. The

IPolarization Resistance experiment can be performed in a

* matter of only several minutes and is referred to as method

2 in section IV.

C. OTHER METHODS FOR ASSESSING CORROSION DAMAGE

Direct weight loss measured on a corroded specimen isI another commonly used technique for determining corrosion
rates. This method is extremely simple in nature and can be

performed with relatively unsophisticated equipment.

Concurrent corrosion experiments performed at the La Que

Centre as part of the present research program utilized

*direct weight loss measurements for determination of

corrosion rates.

In order to achieve the most consistent results, weight

loss measurements should be made on samples of equal size

* and geometry and exposed to the corrosive medium ffor an

identical period of time. The corrosion rate can then be

determined.

Even though this method is quickly and easily

accomplished, there are several disadvantages, including:

1. Corrosion rate determinations assume that all weight

loss has occurred from general corrosion; localized

modes are not considered.

25



2. This method assumes that the material has not been

internally attacked by other forms of corrosion such

as dealloying, intergranular corrosion, etc.

3. Extreme care is required when the corrosion

productis removed from the sample. Some of the base

metal may accidentally be removed, leading to

inaccurate results.

Pit depth determination is another valuable method for

assessing corrosion damage. The LaQue Center also

performed this analysis when applicable. If the pitting

is broad and shallow, pit depth calipers can be used.

Deeper, narrower pits require depth determination by

means of cross-sectional microscopy.

D. DETERMINATION OF TAFEL CONSTANTS

The exact detrmination of the Tafel slopes is extremely

difficult in some cases, depending upon the material being

tested and the corrosive medium. The extent of Tafel

regions are directly influenced by several factors,

including concentration polarization, multiple reduction

processes, active-to-passive transitions, and the IR drop

related to the conductivity of the electrolyte. Pourbaix

has shown that using a value of 0.1 volts/Decade for both

Tafel constructs yields a corrosion rate within a factor of

2 to 3. In the present work, two methods were utilized for

calculation of corrosion rates and a different approach was

26
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made for determination of Tafel slopes, called the Best Fit

method.

Method 1: "Best Fit" method with PDP curves

This method is useful when at least one of the Tafel

region is apparent. As shown in Figure 4, a straight line

is drawn paralled to the current density axis through Ecorr.

Both the Tafel slopes have to meet somewhere on this line.

In this example, a tangent is drawn on the anodic curve,

which has distinct Tafel region. The intersection of this

Tangent (A) with the horizontal line through Ecorr is

represented by point B. This point signifies that icorr is

located in close vicinity to this point. If the cathodic

curve exhibit Tafel region a similar approach can be used as

described above. However, in the absence of such a region,

a tangent is drawn to the cathodic curve such that it passes

in close proximity to point B and also ensures that angles C

and D are equal. Once this is done, the tangents can be

changed slightly so that they pass through just one point,

which locates icorr. The corrosion rate is then determined

using equation (3). This method has been successfully used

in the present work.

Method 2:. Tafel Slopes from "Best Fit" method and LPM Data

The Tafel constants obtained from the Best Fit method

are then used in the Polarization resistance technique,

which provides further values for icorr and corrosion rate

(mpy).
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E. GALVANIC CORROSION

In this technique, one measures the voltage/current

characteristics of a system consisting of two dissimilar

metals immersed in a solution. In principle, the two metals

may even be in two different solutions which are

electrically connected by a salt bridge. Thus, galvanic

corrosion measurements normally entail use of a different

cell than that used with other electrochemical techniques

for the measurement of corrosion.

Measurement of currents between galvanically coupled

metals is based on zero resistance ammeter techniques. The

basic zero resistance ammeter circuit, which has be

extensively used, is shown in Figure 5. The galvanic

current is measured by an ammeter, A, by adjusting the

voltage, E, or resistance, R, so that the potential

difference between the two elements is zero as indicated by

the electrometer, V. Since short circuiting in a galvanic

couple is indicated by zero potential drop, this current is

the true short circuit current. For continuous recording of

galvanic currents, the basic circuit is simplified to

include a decade resistance box adjusted so that a recorder,

set to 1 millivolt full scale, indicates the potential

between the two elements. The galvanic current is

calculated knowing the resistance and the potential.
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The magnitude of the galvanic current provides an

indication of the severity of galvanic corrosion which

occurs in the specific 3.5% sodium chloride environment.

More recent developments include the use of potentiostats

incorporating the operational amplifier circuitry. In the

arrangement in Figure 6, the control potential of the

potentiostat is set to zero volts. One member of the

galvanic couple is connected to the working electrode

terminal while the other is connected to the reference

electrode terminal. The auxiliary electrode terminal is

connected directly to the reference electrode terminal

whereby the galvanic current is indicated directly by the

potentiostat current meter, or, it is connected through an

external feed back resistor (Rf in Figure) and the galvanic

current is measured by a voltmeter between the auxiliary and

the working electrode terminals. A null balance is thus

maintained by means of the Potentiostat solid state

operational amplifier circuit.

The measured galvanic current is not always a measure of

the true corrosion current, because it is the algebric sum

of the currents due to anodic and cathodic reactions. When

cathodic currents are appreciable at the mixed potential of

the galvanic couple, the measured galvanic current will be

significantly lower than the true corrosion current. Thus,

large differences between the true corrosion rate calculated
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by weight loss and the rate obtained by galvanic current

measurements may be observed.

The Model 351 Potentiostat can be made to function

primarily as a zero resistance ammeter during galvanic

corrosion measurements. We are only required to control the

total time over which measurements are taken. While the run

is in progress, the galvanic couple potential with respect

to the reference electrode and the short circuit current are

displayed on the screen. Two separate plots are produced,

voltage vs.time and current vs.time.
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURES

A. EXPERIMENTAL EQUIPMENT

The key to producing consistent polarization diagrams in

this work proved to be the use of a rigidly standardized

experimental procedure. With the exception of the potential

ranges scanned versus Ecorr, the methodology for performing

the polarization experiments was identical for each alloy

tested.

1. The Corrosion Cell

The basic PAR Model K47 corrosion cell consists of a

- multi- port flask, 2 carbar counter electrodes, a working

electrode with a threaded tip for sample attachment (Figure

7), and the Saturated Calomel Reference Electrode. Figure

8 shows an actual view of the corrosion cell.

2. The Corrosion Cell (Galvanic Corrosion)

The Galvanic Corrosion measurements involve the use

of two metal "working" electrodes, therefore, the

connections are made differently to basic K47 corrosion

cell; The cell consists of the multi-port flask, two

working electrodes with threaded tips for sample attachment

(Figure 7), and the saturated Calomel Reference electrode.

Figure 9 shows an actual view of the corrosion cell.
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3. The Potentiostat

The PAR Model 272/273 Potentiostat was used

throughout this research. The Potentiostat processes the

potentials and currents experienced by the operating

corrosion cell to allow for data collection and graphical

plotting.

4. The Processor

The PAR Model 1000 Processor/computer receives input

of the potential and current values from the Potentiostat,

processes the data, and generates the polarization plots.

The Processor permits an input of customized test

procedures which may be saved for later recall.

5. The Model 351 Corrosion Measurement System

The PAR Model 351 System couples the Model K47

Corrosion Cell, Model 272/273 Potentiostat, the Model 1000

Processor, and a plotter to achieve a versatile, easy-to-use

system suited to perform a variety of corrosion experiments.

The touch screen format allows rapid modification of

experimental procedures. Figure 10 shows a typical format.

for a Potentiodynamic Polarization experiment. Figure 11

shows the basic system installation for performance of

corrosion experiments.

The Model 351 Corrosion measurement System can also

process the data from a Potentiodynamic Polarization

experiment to obtain Tafel constants. However, the

programming used to perform this calculation is inadequate
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for determination of the true Tafel regions. As a result,

hand calculations were utilized by the author to determine

Tafel constants, icorr, and corrosion rates.

Basic operating procedures for the Model 351 system

are listed in Appendix B.

B. EXPERIMENTAL PROCEDURES

ASTM standard testing procedures were utilized for

conducting polarization experiments. Prior to performing an

experiment, all components of the corrosion cell were

thoroughly cleaned and dried. A magnetic stirrer was placed

in the corrosion cell after filling with approximately 800

ml of 3.5% Sodium Chloride solution.

For the Potentiodynamic technique, the carbar counter

electrodes, working electrode with the attached sample and

the saturated Calomel reference electrode (SCE) were than

inserted as shown in Figure 8. The working distance between

the tip of the reference electrode and the sample was

adjusted to 2 mm. The electrodes were connected to the

Potentiostat via the electrometer as shown in Figure 11.

Sample identification, area, density, equivalent weight,

scan rate and delay time of on hour duration was than

entered and experiment was started, data recorded and

Polarization plots generated.

In the case of linear Polarization technique, the cell

connection are similar to potentiodynamic, polarization
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except that the values of both the Tafel constants, obtained

from the potentiodynamic curve are also entered in addition

to other data. The experiment is than started and

polarization resistance thus obtained is utilized to

calculate icorr and corrosion rate.

In Galvanic corrosion, the working electrodes with

attached samples and saturated Calumel reference electrode

(SCE) are inserted in the cell and connected as shown in

Figure 12. The working electrode sample which is expected

to be anode is kept at a distance of 2mm from reference

electrode tip. The sample identification, run time and

smoothing is then entered and the experiment started. On

completion of the experiment the data for both galvanic

current and galvanic potential Ns time is recorded.

C. SAMPLE PREPARATION

The alloys to be studied were originally provided in

various forms (bars, plates, rods, etc...). Most of the

alloys were machined into 9.55 mm diameter by 9.55 mm height

right circular cylinders and threaded for attachment to the

working electrode sample holder shown in Figure 7.

Aftez machining, the samples were always stored in a

dessicator during inactive periods. Prior to immersion in

the corrosion cell, each sample was weighed and measured

after thorough sanding with fine sandpaper. This ensured
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that each sample would have a freshly prepared surface, free

of any surface oxidation, prior to experimentation.

D. TESTED MATERIALS

Four high damping alloys and three baseline steel,

aluminum and copper alloys were examined during this

research. The nominal compositions of the high damping

alloys are as follows:

Incramute 58.0% Cu, 40.0% Mn, 2.0% Al

Sonoston 37.0% Cu, 54.25% Mn, 4.25% Al,

3.0% Fe, 1.5% Ni

Fe-Cr-Mo 85.43% Fe, 11.65% Cr, 2.92% Mo

Fe-Cr-Al 85.51% Fe, 11.60% Cr, 2.89% Al

The nominal cheminal composition of the baseline alloys

were as follows:

304 Stainless Steel 71.92% Fe, 18.5% Cr, 9.5% Ni,

.08% C (max)

7075 Aluminum 90% Al, 2.5% Mg, 1.6% Cu,

5.6% Zn, .30% Cr

630 Series Bronze 79.1% Cu, .12%Zn, .032% Sn,

.021% Si, 1.4% Mn, 2.76% Fe,

5.35% Ni, 10.9% Al
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E. EXPERIMENTAL PARAMETERS

Potentiodynamic Polarization, Polarization Resistance

and Galvanic Corrosion experiments were conducted as part of

this research. All tests were conducted in 3.5% Sodium

chloride solution (Appendix A). The following experimental

parameters were used during testing:

I. Potentiodynamic Polarization Technique

a. Scanning Values

1. Final Potential -- Typically + 750 mV vs Ecorr

2. Initial Potential -- Typically - 600 mV vs

Ecorr

3. Scanning Rate -- 0.5 mv per second

b. Material Characteristics

1. Equivalent Weight -- Calculated for each

specimen

2. Surface Area -- Calculated for each specimen

3. Density -- Calculated for each specimen

2. Polarization Resistance Technique

a. Scanning Values

1. Final Potential -- + 25 mV vs Ecorr

2. Initial Potential 25 mV vs Ecorr

3. Scanning Rate -- I mV per second

b. Material Characteristics-- same as previous

method
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3. Galvanic Corrosion Technique

a. Run time -- About 14 hours

During all experimentation, corrosion cell temperatures

were maintained at 21.5 +/- 0.5 degrees C.

F. SCANNING ELECTRON MICROSCOPY

The Cambridge Model S200 Scanning Electron Microscope

(SEM) was used to determine the nature of corrosive attack

and the extent of film formation on the surface of each

alloy. Photographs of the original as-machined samples,

* samples experimentally exposed in synthetic seawater, and

samples exposed in natural seawater at the La Que Centre

*were examined. In general, machined samples were

photographed at 1000x while the corroded samples were

studied at magnifications up to 2000x. Prior to SEM

photography, 'corroded samples were brushed to remove

corrosion products, acid cleaned, brushed with a soap powder

and pumice mixture, water rinsed, alcohol rinsed, blown dry

with a hot air blower, cooled to room temperature.

G. EXPERIMENTAL PROCEDURES FOR NATURAL SEAWATER EXPOSURES

Concurrent natural seawater exposures were conducted at

the La Que Centre. Specimens of the high damping alloys and

baseline steel and aluminum alloys were exposed to ambient

temperature, low flow, filtered seawater in accordance with

ANSI/ASTM Standard G 52 -76 ("Standard Recommended Practice
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for Conducting Surface Seawater Exposure Tests on Metals and

Alloys"). Prior to immersion of the samples, nonofilament

fishing line was attached and the specimens were degreased,

lightly brushed, rinsed and dried. The specimens were

allowed to cool to ambient temperature prior to weighing.

Each specimen was suspended on a support bar and immersed.

The 7075 Aluminum samples were exposed in a separate trough

to prevent attack from copper-ions emanating from the

copper-based alloys. A continuous supply of uncontaminated,

full strength seawater at a nominal elocity of .3 m/s was

maintained. During the exposure in the low velocity

seawater trough (Figure 13), pH, temperature, salinity, and

dissolved Oxygen content were monitored. After an exposure

period of 150 days, 3 to 4 samples of each alloy were

removed from the seawater trough. The corrosion product was

removed from each of the samples and corrosion rates and

surface characteristics were recorded. One sample of each

alloy was returned in its corroded state to allow for

subsequent SEM analysis.

3J
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IV. RESULTS AND DISCUSSION

A. SINGLE METAL CORROSION

A detailed summary of these results is shown in table

El].

1. 7075 Aluminum

The Electrochemical results for 7075 Aluminum

samples are shown in Figure [14] and [15]. The surface

appearances of sea water exposed samples are shown in Figure

[42]. The PDP plot and the LPM plot yield the following

results:

Method Ba(V/Decade) Bc(V/Decade) icorr( A/cm2 ) R(mpy)

1 0.01 2.36 7.406 3.11

2 0.01 2.36 11.70 5.6

AVG 4.355

Direct weight loss results from seawater exposure are:

Sample R(mpy) Maximum Localized Attack (mm)

1 6.7 1.02 (Pitting)

2 7.4 1.74 (Pitting)

3 5.4 0.63 (Pitting)

AVG 6.5 AVG 1.13
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These results show that corrosion rate of 7075 Aluminum

in 3.5% sodium chloride solution is very close to the

corrosion rate in natural sea water. When the sample was

polarized anodically in 3.5% sodium chloride solution, its

surface showed a black porous film that failed to adhere to

the surface. This tendency is quite obvious in the

potentiodynamic plot shown in Figure [14]. Examination of

actual sea water-exposed samples shown in Figure [42] also

indicates areas of dark oxidation. However, these samples

also are characterized by severe localized corrosion and

significant pitting (1.13 mm), in agreement with the PDP

Plot. The results of scanning electron microscopy are shown

in Figures [28] and [29) and indicate clearly the areas of

severe localized pitting.

2. 630 BRONZE

The Polarization results for samples of 630 Bronze

are shown in Figures [16] and [17]. Photograph of the sea

water exposed corroded sample is shown in Figure [43].

Using the PDP and LPM Plots yield the following results:

Method Ba(V/Decade) Bc(V/Decade) Icorr( A/cm2) R(mpy)

1 0.057 0.321 0.1285 0.062

2 0.057 0.321 4.48 2.120

AVG 1.09
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Direct weight loss results from sea water exposures are:

Sample R(mpy) Maximum Localized attack (mm)

1 0.5 <0.01 (Pitting)

2 0.4 0.09 (Pitting)

3 0.6 0.02 (Pitting)

AVG 0.5 AVG 0.04

During the Polarization experiment the 630 Bronze

specimen showed a uniformly distributed passive film as

indicated by the PDP Plot shown in Figure [16]. The results

from Polarization techniques and sea water exposures were in

good agreement considering that the polarization techniques

were conducted in 3.5% sodium chloride solution.

Although seawater exposed samples exhibit pitting

behaviour, these pits were very small. Green corrosion

products were found near and around the suspension holes in

the specimens. The rest of the spicemen was in fairly good

condition except for the slight localized attack mentioned

above. Microscopic examination are shown in Figures [30]

and [31]. All the sea water exposed samples exhibit an area

on one end in which the corrosion behavior is different from

the rest of the specimen. This area is clearly evident in

Figure [43] and retains a district difference even after
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acid cleaning. No definite explanation can be given for the

effect.

3.

The laboratory results for the Fe-Cr-Mo high damping

alloy are depicted in Figures [18] and [19]. Surface

appearance of sea water exposed samples is shown in Figure

[44]. The use of PDP and LPM plots yields following

results:

Method Ba(V/Decade) Bc(V/Decade) icorr( A/cm2) R(mpy)

1 0.234 0.110 .04 .018

2 0.234 0.110 0.613 .276

AVG 0.147

Direct weight loss results from sea water exposure are:

Sample R(mpy) Maximum Attack (mm)

1 3.0 2.32 (Pitting)

2 3.6 3.39 (Pitting)

AVG 3.3 AVG 2.855

The results from the PDP curve show that this alloy

has a tendency for film formation but the film breaks down

quickly, resulting in severe general pitting on the surface
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of the spicemen. Even though this alloy showed nearly

identical polarization behaviour as 304 stainless steel, it

was highly susceptible to severe pitting.

Sea water exposed samples displayed an unusual

behaviour, in that the whole surface was almost uneffected,

but at just one or two points there was severe localized

corrosion and pitting, these pits being 2 - 3 mm deep.

Apparently, same point of instability in the surface oxide

film initiates a small pit on the surface of the alloy,

which grows rapidly with time due to many factors, such as

the adverse area effect, etc. The before-cleaning

appearance confirms this attack, indicated by the build up

of iron corrosion product on the specimen. In the 65.days

sea water exposed samples it was observed that the attack is

concentrated at or near the edges, but, at 150 days sea

water exposure, the attack was often in the middle of the

broad surfaces of the specimen. SEM Photographs shown in

Figure [33] support the above results.

4. Fe-Cr-Al

The electrochemical results for the Fe-Cr-Al high

damping alloy are shown in Figures (20] and [21]. The

surface appearances of the sea water exposed samples are

displayed in Figure [45]. The PDP and LPM plots yield the

following results:
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Method Ba(V/Decade) Bc(V/Decade) icorr( A/cm 2 ) R(mpy)

1 0.214 0.1285 0.6598 0.313

2 0.214 0.1285 1.18 0.551

AVG 0.432

Direct weight loss results from sea water exposure are:

Sample R(mpy) -Maximum Attack (mm)

1 1.0 0.07 (Pitting)

2 2.6 1.01 (Pitting)

3 3.0 1.31 (Pitting)

AVG 2.2 AVG 0.797

This alloy showed features similar to those

experienced by the Fe-Cr-Mo samples. The PDP plot for this

alloy did not show distinct region of film formation, yet it

was susceptible to severe pitting alround the specimen as in

the case of the Fe-Cr-Mo alloy.

Sea water exposure Figure [45] characterized by

similar visual appearance as that shown by the Fe-Cr-Mo

specimen, that is, gross corrosion products outcropping from

just one or two spots. Upon cleaning of the specimen these

spots were found to be large localized corrosion and pitting

44



sites. The. unusual behavior of the two Fe-Cr based alloys

is difficult to explain; it is possible that the presence of

an impurity in the alloy or the oxide film results in such

behavior.

SEM photographs shown in Figures (34] and [35]

showed that the specimen was subjected to guide distinct

intergranular attack. Although the pitting was similar to

that of the Fe-Cr-Mo alloy, its depth was much less.

5. Cu-Mn-Al (INCRAMUTE)

The Polarization results for -the Cu-Mn-Al alloy,

also known as INCRAMUTE are shown in Figures (22] and [23].

Visual appearance of sea water exposed samples are depicted

in Figure (46]. The PDP and LPM plots yield the

following results:

Method Ba(V/Decade) Bc(V/Decade) icorr( A/cm 2 ) R(mpy)

1 0.0137 1.379 6.0618 9.08

2 0.0137 1.379 10.8 16.2

AVG 12.6

Direct weight loss results from sea water exposure are:

Sample R(mpy) Maximum Attack (mm)

1 3.7 General Corrosion

2 3.4 with very

3 3.7 slight pitting

AVG 3.6
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The PDP plot showed a limited range where a

protective film does start to form, but the specimen showed

no signs of pitting. During the polarization experiment,

the sample is covered with thick black layer and the same

tendency is observed with the sea water exposed samples as

shown in Figure [46]. It can be seen that approximately 90-

100% of the sample is covered with dark brown or black

corrosion product layer. SEM photographs show the same

results.

6. 304 STAINLESS STEEL

The Polarization results for 304 stainless steel are

shown in Figures [24] and [253. Surface appearance of sea

water exposed samples is shown in Figure (47]. The PDP and

LPM plots yield the following results:

Method Ba(V/Decade) Bc(V/Decade) icorr( A/cm 2 ) R(mpy)

1 0.4117 0.117 0.1 0.05

2 0.4117 0.117 0.02 0.0095

AVG 0.029

Direct weight loss results from sea water exposure are:

Sample R(mpy) Maximum Attack (mm)

1 <0.1 0

2 <0.1 0

3 <0.1 0

AVG <0.1 AVG 0
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The results from the PDP plot showed that 304

stainless steel has the tendancy of film formation and that

it is- similar to the Fe-Cr-Mo plot. However, the film on

the 304 stainless steel is more stable and it has a passive

region, over which the sample is protected from pitting.

The observation of sea water exposed samples showed

no signs of localized corrosion or pitting. Microscopic

examination shown in Figures (38] and (39] were in agreement

with the above result.

7. Cu-Mn-Al-Fe-Ni (SONOSTON)

The electrochemical results for samples of the high

damping Cu-Mn based alloy (SONOSTON, Cu-Mn-Al-Fe-Ni) are

shown in Figures [26] and [27]. The visual appearance of

sea water exposed samples is shown in Figure [48]. Using

PDP and LPM plots, Methods 1 - 2 yield the following

results:

Method Ba(V/Decade) Bc(V/Decade) icorr( A/cm2 ) R(mpy)

1 0.066 0.273 4.64 2.36

2 0.66 0.273 2.11 1.07

AVG 1.715

Direct weight loss results from sea water exposure are:
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Sample R(mpy) Maximum Attack (mm)

1 2.5 General Corrosion

2 2.3 General Corrosion

3 2.7 General Corrosion

AVG 2.5

There was good agreement between corrosion rates

calculated for natural sea water exposures and 3.5% sodium

chloride solution. There was no pitting tendency observed

in the PDP plot, which is in agreement with the sea water

exposure results.

Surface appearance of the sea water exposed samples

showed that approximately 90 - 100% of the specimen surface

was covered with dark brown or black corrosion. SEll

photography shown in Figures [40] and [41) did not show any

sign of pitting or localized corrosion.

B. GALVANIC COUPLING

In order to successfully use electrochemical techniques

to predict galvanic corrosion, measurements must be made in

an environment closely simulating the actual one. These

measurements were made in 3.5% sodium chloride solution and

hence the results of galvanic corrosion for the coupled

alloys are strictly valid for this environment only.
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However, these results can prove to be useful to predict

galvanic corrosion behavior of the high damping alloys in an

environment closely related to this one.

In many cases, simple measurement of the potential of

each member in a galvanic couple is sufficient to predict

the galvanic corrosion behavior. The resulting galvanic

series of metals for a particular environment can be quite

useful. However, frequently more precise information, such

as the variation of potential/current with time, is

required; this is discussed in this section.

Measurement of galvanic currents can furnish more useful

information regarding galvanic corrosion. Recent

developments with zero resistance ammeters allows continuous

measurement of the galvanic current during the short

circuiting conditions. This current, however, is not always

equivalent to the corrosion current because it is the

algebric sum of the currents due to anodic and cathodic

reactions. Thus, where cathodic currents are significant,

the measured galvanic current may be appreciably smaller

than the true corrosion current.

1. Select Galvanic Couples

In the present case, all the high damping alloys

under examination were first coupled to 304 stainless steel

independently and then to 7075 Alumimum. The curves for

each couple are shown in Figures [49] to [59]. The curves

for current Vs time for each group was then summarized in
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figures [60.] and [61]. The magnitude of the galvanic

current provides an indication of the severity of galvanic

corrosion which occurs in the specific 3.5% sodium chloride

envirorment. The results for each couple is discussed

seperately.

In Figure [49], the zero resistance current and the

mixed potential are plotted Vs time for 630 Bronze and 7075

Aluminum in 3.5% sodium chloride environment. The data show

that 7075 Aluminum is anodic to 630 Bronze in this

-environment. The rise in galvanic current after about eight

hours signifies the initiation of localized corrosion of the

aluminum alloy in this environment. Both the mixed

potential and galvanic current stabilizes after about 10

hours. The galvanic current at the end of 14 hours is about

107 A.

In Figure [50], the data is plotted for Incramute

and 7075 Aluminum. Although the mixed potential remains

quite stable with time, the galvanic current changes over

the time period shown. Initially, the aluminum alloy is

anodic to Incramute. However, after about an hour, the

galvanic current indicates that a reversal takes place so

that the Incramute is then anodic to the aluminum alloy in

this environment. This situation appears to continue

throughout during the interval of immersion. This

phenomenon is not unexpected, since the metals are so close

to each other in the galvanic series for this particular
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environment. Hence, it is possible that formation of film

on the initial anode changes the potential, and the reversal

takes place. During the 14 hours of immersion the galvanic

current varies in the range of 20 A.

The data for Sonoston and 7075 Aluminum is shown in

Figure [51]. Although the mixed potential remains quite

stable with time, the galvanic current reduces after about 8

hours. This is followed immediately by a sharp rise and

fall of the galvanic current signifying the start of

corrosion of the 7075 Aluminum. The current, however,

reduces to stable value of 55 A at the end of 14 hours of

immersion.

The data for Fe-Cr-Mo and 7075 Aluminum is displayed

in Figure [52]. The data shows that the aluminum alloy is

anodic to the Fe-Cr-Mo alloy. The potential drops

continuously and becomes stable after 10 hours. However,

galvanic current reduces to a lower level after 5 hours,

followed by a sharp rise. This indicates the initiation of

localized corrosion of the aluminum alloy sample. This is

repeated at the end of 12 hours. The galvanic current at

the end of 14 hours of immersion is about 40 A.

In Figure (53], the galvanic current and potential

are plotted Vs time for 304 stainless steel and 7075

Aluminum. The data show that Aluminum is anodic to steel.

The potential becomes stable after about 10 hours. The

galvanic current reduces at the time of immersion but jumps
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suddenly after about half an hour, indicating the initiation

of localized corrosion. At the end of 14 hours the current

is still changing and is of the order of 42 A.

The data for Fe-Cr-Al and 7075 Aluminum is recorded

in Figure [54]. In this couple, the aluminum alloy is

anodic to the Fe-Cr-Al. Both the mixed potential and

galvanic current for this couple becomes stable after

several hours and current is of the order of 45 A.

The remainder of the discussion in this section

pertains to the discussion, each in time, of the galvanic

couples formed by coupling 304 stainless steel with the

various other alloys.

In Figure [55], the data is plotted for Sonoston and

304 stainless steel. Sonoston is anodic to steel in this

environment. Both the potential and galvanic current become

stable after about 5 hours. There is uniform current of

about 40 A at the end of 14 hours of immersion.

In Figure [56], the data shown is for 630 Bronze and

304 stainless steel. In this environment the bronze alloy

is anodic to the stainless steel, but with a very' low level

of galvanic current, due to the close relative position in

the Galvanic series. There is not much corrosion behavior

observed during the 14 hours of immersion. Both the

potential and galvanic current become stable after several

hours.
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The data for 304 stainless steel and Incramute is

shown in Figure [57]. In this environment Incramute is

anodic to the stainless steel. The galvanic current rises

suddenly at the end of five hours of immersion, signifying

the inetiation of localized corrosion. At this point the

formation of a black film on the anodic member is observed.
.

The galvanic current and potential seems to stabilze after
about 12 hours. At the end of 14 hours of immersion the

galvanic current is about 37 A.

The data for 304 stainless steel and the Fe-Cr-Al

alloy is demonstrated in Figure [58]. Initially the Fe-Cr-

Al is anodic with respect to the stainless -steel but, after

about 0.5 hours, the galvanic current indicates that a

reversal takes place, so that the stainless steel becomes

anodic to the Fe-Cr-Al in this environment. The galvanic

current reduces to a negligible value thereafter. However,

the potential is decreasing continuously even after 14 hours

of immersion.

In Figure [59], the data is plotted for 304

stainless steel and Fe-Cr-Mo. The data shows that the Fe-

Cr-Mo is anodic with respect to the stainless steel in this

environment. Both the galvanic current and potential become

stable after a couple of hours of immersion. There is a

very small galvanic current that flows at the end of 14

hours of immersion.
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Figures [49] and [50] show that time dependent

factors such as initiation of localized corrosion and anode-

cathode reversal must not be overlooked and that long term

tests are frequently required. This is especially true when

localized corrosion such as pitting is possible in the

galvanic couple. Frequently, several weeks induction period

is observed before galvanic pitting is initiated.

2. Galvanic Series of Selected High Damping and

Baseline Alloys in Quiescent 3.5% Sodium Chloride

Soluion

Temperature about 21.5 + 0.5 C

Steady State Electrode

Allo Potential Vs Saturated

Calomel Electrode (V)

7075 Aluminum - 0.780

Cu-Mn-Al (INCRAMUTE) - 0.779

Cu-Mn-Al-Fe-Ni (SONOSTON) - 0.673

Fe-Cr-Al (VACROSIL 2) - 0.371

Fe-Cr-Mo (VACROSILl) - 0.276

630 Series Bronze - 0.245

340 Stainless Steel (active) - 0.241

304 Stainless Steel (Passive) - 0.053

Ir2
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V. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions have been drawn from the data

presented in the previous chapters:

1. Fe-Cr-Mo and Fe-Cr-Al experienced severe localized

- corrosion and pitting. Fe-Cr-Al show intergranular

attack.

2. Cu-Mn-Al Lased alloys and 630 series Bronze

experienced low to moderate corrosion rate..

3. When coupled with 7075 Aluminum, all couples show a

higher galvanic current initially but reduces-with

time to steady value, except for incramute which

reverses polarity from time to time.

4. When coupled with 304 stainless steel the three

alloys Fe-Cr-Mo, Fe-Cr-Al, 630 Bronze showed

negligible or very low galvanic current where as 7075

Aluminum, Sonoston and Incramute showed moderate

galvanic current.

Suggested topic for future research are:

1. 30, 60 and 120 days of immersion period be observed

so that pitting behaviour can be observed in the

galvanic corrosion technique.

2. Development of a computer assisted method for

determining the Tafel constants
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APPENDIX A

FIGURES
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Figure 1. Pot cuuuody omic Polriatin-lo
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Figure 2. PDP Plot Showing Tafel Regions
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Figure 4. Method for Determining Tafel Constants
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E CATHODE

R ANODE

Figure 5. Basic Zero Resistance Ammeter Circuit
4,4

S Potenteostat

Figure 6. Circuit of a Potentiostat as a Zero
Resistance Ammeter
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T KNURLED THUMI
0i2806-0043-01

I -w ASHER, FLAT
.2815-0043-00
WASHER, TEFLON

2815- 0093-09

ROD.ELECTRODE MTG
4* 2517- 0631-09

HOLDER, ELECTRODE

4 1601-0097-05

9r

~~y - GASK(ET, COMPRESSION 4
02517-0630-00

SPECIMEN TO BE DRILLED
B TAPPED TO ACCEPT A
3-46 UNC-2A 5/16 (8MM)
MIN. THO. DEPTH

Figure 7. Working Electrode Sample Holder
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Figure 8. Standard K47 Corrosion CellI
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Figure 9. Galvanic Corrosion Cell Arrangement
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Figure 10. Format for a PDP Experiment
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MODEL 35, RL7075
cORROsON MEASUREMENT SYSTEM 12 SEP 1987
C('W*'ENT.:

3. NP C. SLN

LOG 1 */u.2

POT.ENT IOOYNRM I C __

MnTE CR~qTED 2? 1U 987 IRLN ORTE 12 AUG 1987
IR COWE DJ~iED
F1NftE u753 mVY-Ec
1%17ITXL E a-60w my - Ec Ecorr - -1. 792 V
1 -I7IX. DELAY - 360 SEC E1-1 -= a
SCAN NUE - 0.5 mV/SEC Co q RRTE a 3 ,P

EC.IV VEIGHT a 8.994 gQEUIV -

DE4ISTY a 2.89 9/gc3
AREA - 8.6 em?

Figure 14. PDF Plot for 7075 Aluminum
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MODEL 351 RFL7075LP
CORROSION MEASUREMENT SYSTEM 12 SEP 1987

7.5 NACL SOLN

-765-

-773-

-775-

9 20 48 so am 1 26 126 143 !66

FOLRRIZqTION RESISTflNCE
-nATE CREATEr 30 RUC 1987 IRUN NATE 30 "U 1987
IR XM a 2&54BLEO I
t P4ANLE S 20 aV-Ec
iNiTIAL E - -20 mV Ec !Eco?-r - -8.781 V
:4TAL DELAY - 3S00 SEC EI[-31 . 1 V

SUAN RATE . 8.2 Mv/SEC
ICORR RATE - 0 B

ECU;V VEi.'2T - 8.994 g/ECUEY 1I0 cafe. - 332 EB Ohims
nE1ETY - 2.45 S/cem 3  WNDIC-BETA - 0.009 V/DEC
AREA - 9.38e8 cm? CATHODIC-BETA - 2.36 V/DEC

leorr e31c. . 11.7 E-6 A /cm2
CORR RATE calc, 5.60 EU MPY

"Tv ANS YOLTS
d -3 E 799 E-3

so8 172 E-6 -771 E-3

Figure 15. Polarization Resitance Plot for
7075 Aluminum
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CO ~ROO MERUREEN SYSTE 12y xE !987Fe~rv -rr-w v

MODEL 351 BRZ630PD
C O R R O S N M A U E E T S S E 2 5 P ! 8

3.5 NACL SOLN VENTED

POTE-.T 1CD NIC
OW c~-q~ 21AA 91 N r-- E?2 JJ. 19q7
I R CcmN1 C S BL ED
F 144L E . 7W8 %VEc
PTO. E * -65a mV Ec Eco' -8.6
1INITIq.. CELRY = 2488 SEC Ell-I) . 0 V
SCAN RNTE . = 8. 5 mV/SEC

CORR RqTE . 5 e
EQU1*V WIGMT - 27.67 g/E:J:i
GEN5STY - S.46 Q/cw3
AREA a 619.7* cm2

Figure 16. PD? Plot for 630 Bronz-e
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I POOEL 351 BRNZ630PI
CORROSION 'ER"UEMENT 5fS7EM 12 SFP 1987

3.5 KLSO0

-q& I9 PrLRrU1N DqE " 90
IR ccov CSR

ION4 RATE 01

0t45ITY . 7.59 ./Vc-i3 14;N IC DV.A . //t I~
. 4.027 cm2 ICCR1 ;C-@6(.R . .2*/E

1 ICW- ce~c. 4.4!E- /%

"*To VQ, TCMO R-ITE c-i 2.22f "

S E- -226 E-3

Figure 17 P01ar.:at,.n Resistance Plot 6C r:~~
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MODEL 351 -VCMOPD

CORROSION MEASUREMENT SYSTEM 12 5EP 1987

op

.9 -. -, -e -5 -4 -3 -2 -1

POTENT I OYNR1IC

F PIA.E - ?N mV -Ec
iN ITI FA E -606 my - kc Eceoe? -6.46 V -

iIJTI i. DELAY - 36M SEC U6*IV
SCPA Rq iE 0 U.5 mV/SEC

CORR RTE 0 I py
MOJ1V WE[GHT a 26.34 91EO.JIV

DENSiTY m S.64 9/cm3
AREA 0 S.814 cm2

Figure 18. PD? Plot for Fe-Cr-Mo
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MODEL 351 VRC 1 LP
CORROSION MEASUREMENT SYSTEM 12 SEP 1987

3.5 NRCL SOLN

-27I-

-265-

--27S-

-29S- _3 -29- a I" A 34

. .- 3 -233 -lg Ui 233 2331 366 '
m .c.2

* -~POLR i ZRT I ON RE515TRNCE
DATE CRERTED 29 qUG 1987 RO.N ORTE 29 PUG 1987
IR Com ,, DI5ABLED
rIN . E a 20 PV - Ec

i.NiTrqL E a -20 %V - Ec Eco-r a -9.276 V
NIT IL DELAY - -SOO2 SEC E(l-0) a -8.282 V
SCAN ARTE . 0.1 mV'SEC,

FCU;V [IGNHT - 25.34 ;/ECUIV RP Lc. n 53.1 E3 Ohms
CENSITY a 7.6 /c*3 WNDOIC-BETR a 8.234 V/DEC
AREA - 4.36 "€m2 C.RTHOOIC-BET - 8.11 V/DEC

icorr coe. - 613 E-9 A 'cm2
CCRR RATE colev 276 E-3 'PY

Opp-I AS VO'TS

a -328 E-9 -296 E-3
79 4389 E-9 -257 E-3

Figure 19. Polarization Resistance Plot for
Fe-Cr-Mo
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M31 I-VRCRL2
CORROSION MEASUREMENT SYSTEM 12 SEP 1987

3.5 C SOLN

-02-
U. G2

+. .. . a

*siI -7 C.G -S -4 .3 -2 -I

PCTENT I COYNHM IC
. .. 'EqTE 12 AUG 1907 RUN DATE 12 RUG 197

I U - 015ABLED
.PlRL E a 76 mV - Ec
INITIJL E - -68W fV - c Eco'r a -6.428 V
iNTL' VELY a 368 SEC Eii-81 a I V
SCAN RATE. - .5 V.SEC CO R RITE - U Iq Y

EOUIV WEIGHT - 26.15 g!EOUIV
oENSTY * 5.37 g/cm3

m* 4.991' cm

Figure 20. PDP Plot for Fe-Cr-Al
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MOCEL 351 VRCRLLP'
ICORROSION MEASUREMENT 5YSTE4 12 SEP 1987

- 3. 5 NRC SAXN

MWU -3W -2w3 -in3 9 In mW m

'OLqRIZqTION RE5I5TPN.CE
q4T4ETE bt E 107 RiPf WE M6 "L !9067

*'41t1L a -23 Ov - C Eco- .3
iNITIAL DELAY a 360 SC Ei- .,,34 v
SCA4 RATE. . 1.*, mV'5 *

COUri dE;Gty . 20.S 91EgWIV 0 c1 . k~. FC3 s
DENS;TY . 7.29 9'cu3 QNMC!CTq . 3.214 V/7!C
OKA r4.5 c~ TMI:-95T4 * . I.20 /OC

4.aS* c-2 : '- coic. . 1.19 E-6 / C021
5RR RATE ceicv 551 E-3 MPY

R" e - S *..

54 368 C-I -363 E-3

Figure 21 Polarizstion Resistance Plot for
Fe-Cr-Al
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!3 iv RUNIWE 15 AUG 19u07
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IW'Vk OEt.A a 3W SEC EI.-I * V
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Ficure 22 PDP Plot for Cu-Mn-Al
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MODEL 351 I NCRMTPR
CORROSION MEASUREMENT SYSTEM 12 SEP 1987

3.~ S NCL SCLN

-7W-

-7'.

so 3m 1-18 2m 2SO 3

SPCLARIZqTIO0N RESISTPNCE
QEECQIr) OC M7g JQL TEATC U !967

M f IIQ. E -26 AV C Ec o -6 -121 V
14; T I. CELAy 3GU SEC !1'191 -3. 725

*~SA RRT sc' qr .1 .V'SEC

faif I P1M 295 VE*I 9/EcT -4 El 3I E4t.ITY * 256e 9*'c3 IdOIC-ETQ . 6.114 V'OEC
OWN 2.514. CS2 CATIW[C-kTA - :.379 V/0EC

CORR RATE cec 1562 EI WY

d~~~- E~-5 -4
34E6 -726 E-3

Figure 23. Polarization Resistance Plot for
Cu-Iln-Al
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MODEL 351 55T304
CORROSION MEASUREMENT SYSTEM 12 SEP 1987

3.5 NCL SOLN

-=am

-g -9 -7 -4 -i -a -3 -2 -i

LOS I faI2

POTENT I ODYNRM IC
07 M-qE 2 W 10 1RL DATE 12 AUJG 1987

FINA.A L 7Ea 1 mV - -cINITIALI. E -M mW ,,, +c [€ [, -, -6. 1 V
INITIA. LAY - SM SEC ElI-II a I V.SMJ RATE a s. s mV/5EC

CORR RATE a U WY
E[UIV WEIGHT - 27.93 9/EUIV
1.N1"r " I3.s t/em3
MAl - 2.632 cw2

Figure 24. PDP Plot for 304 Stainless Steel
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MODEL 351 5T304LPR I
CORROSION MERSUREMENT SYSTEM 12 SEP 1987
COMMENT:
3.5 NAC. SOLN

- 52 I

I.

-4.d

i -5

~-7.

POLRRIZNTION RESISTRNCE
DRTE CRrqTc' 1 5EP 1987 i RU4 DARTE I SEP 2987
IR COW, I Oia0 BLED I
FINL E a 2 mV -Ec
INITIFL E a -211 mY - Ec Ecere a -0.053 V
INITIP,. DELAY a 36M SEC EllI) a -0.362 V
SCAN. RRTE, * 0.1 mV/SEC ,ECR TE -*

EGUIV WEIGHT a 27.93 g.E0UIV 09' cole. -- .91 ES Ohms
DENSITY a 7.9 9/cm3 ANOOfC-BEIR - 0.412 V/OEC
RER a 3.1112" =2 CATHOODCL-ETR a 3.117 V/DEC

Icar" c6lC. a 29.7 E-9 A /cm2
CORR RATE c€lcy 9.51 E-3 NPY

SP@T .q4PS VOLTS
-1 E-9 -/3 E-3

179 i3 E-9 -34 E-3

Figure 25. Polarization Resistance Plot for
304 Stainless Steel
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IMOOEL 351 SONO5TON
CORROSION MEASUREMENT SYSTEM 12 SEP 1987
Cw8MN~
3.S NACL SOLN

-7 -6 -5 -4 -3 -2

0OG I

POTENT IOOYNRM IC

DATE CRERTEO 10 AL. 1987 RUN DATE 19 A& 1987
IR CW . DI5S8LEB
FIFOL E a 688 L gl- Ec
INITJlk E a -488 my- Ec Ecarr a .83M V
TNITIAq. DELAY a 3638 SEC Ella@) a 3 V
SCANd RATE a 6.5 mV/SEC

CORRRATE a 3 iCY
EGUIV WEIGHT a 28.32 g'EOUIV
DENSITY . 7.27 9/cm3
AREA a 4.28 ca2

Figure 26. PDP Plot for Cu-Mn-Al-Fe-Ni
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IMOOEL 351 5ONOLPR
ORROSION MEASUREMENT SYSTEM- 12 SEP 1987

3.5 NACL. SOLN

-729-
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7 --735- -4" -236 0 2M 4wam m u
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DF-4SITY a 7.27 g/cm3 ANOOIC-PETR - 8.067 V/DEC-

0 4.26 'c2 CA7HOOIC4BETA a 0.273 V/DEC
Icorr CeIC. a 2.11 E-6 A /cm2
CORR RATE calco 1.87 El WPY

'a PPT on WS VOLTSI
6 -1 E-5 -737 E-3
79 1 E-6 -698 E-3

Figure 27. Polarization Resistance Plot for
Cu-tin-Al -Fe-Nj
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Figure 28. As-Machined Surface of 7075 Aluminum

Figure 29. Corroded Surface of 7075 ALuminum
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Figure 30. As-Machined Surface of 630 Bronze

Figure 31. Corroded Surface of 630 Bronze
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Figure 32. As-Machined Surface of Fe-Cr-Mo

Figure 33. Corroded Surface of Fe-Cr-Mo
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Figure 34. As Machined Surface of Fe-Cr-Al
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Figure 35. Corroded Surface of Fe-Cr-Al
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Figure 36 r As Machined Surface of Cu-Mn-Al

Figure 37 (.orr,.ded Surface if Cu-Mn-Al
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Figure 38. As Machined Surface of 304 Stainless Steel
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Figure 39. Corroded Surface of 304 Stainless Steel
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Figure~~~~ ~ ~ ~ ~ ~ 40 sMcieUufc fC-nA-eN

Figure 40. ACoMached Surface of Cu-Mn-Al-Fe-Ni
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Figure 42. Surface Appearance of 7075 Aluminum

Figure 43. Surface Appearance of 630 Bronze
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Figure 44 Surface Appearanc, of Fe-Cr Mo

Figure 45. Surface Appearance of Fe-Cr-Al
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Figure 46. Surface Appearance of Cu-Mn Al

Figure 47. Surface Appearance of 304 Stainless Steel
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Figure 48. Surface Appearance of Cu-Mn-Al-Fe-Ni
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MODEL 351 BRZFLUM
ICORROSION MEASUREMENT SYSTEM 13 SEP 1987

COW4E741
3.S 'NCL S"LN

746

128 
s72.

Irv

GRLVRqNIC C.ORROSION
DqT[ CREPTE 11 1UG 217 DATE 10 PUG 1987

KI TIME " 14 :8N",0

EGUIV WEIGH'T ,, PONW ENTRED Ecarr - , -. S4$
DENSITY - NONE ENTERED Ell-9t I v

MR ,, NONE ENTERED

Figure 49. 7075 Aluminum Coupled with 630 Bronze
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IK MESUEMN SYTEINC7075R
CORROION MARMNSYTM13 SEP 1987
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3.S NKCL SOLN

Is

.6.

-IS..

GRLVNIC ORRO51ION

EOUI WETIW - WINE f 4TERED [E.Orr a -3.512 V
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Figure 50. 7075 Aluminum Coupled with Incramute
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MODEL 351 SONRLUM
CORROSION MEASUREMENT SYSTEM 13 SEP 1987
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MM 5 1a VMO7075H"
c 05ION MEASUEPR't SYSTEM 13 SP 1987
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Figure 52. 7075 Aluminum Coupled with Fe-Cr-Mo
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MODE 355T304RL
,C ORROSION MERSREMENT 5YSTEM 13 5EP 1987

3. 5 Nr.L sOLN

779

-7.0

%- 
78-736
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772

-7"

Goo

II 

s

se@

0 10=98 SMS88 -81 S~g

I GRLVqNIC CORROSION
• ' E :Wr-q"c 5 P 9E 7 jRt4 oqrE 7 SEP 1987

4.% T P 5111 SEC

(OUIV EIG,"CT - NOE ENTERED Eorr • -8.486 V
t r'45fTY a NONE ENT7ERED -U= I V
QrTA . NONE ENTERED

Figure 53. 7075 Aluminum Coupled with 304 Stainless
Steel
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jPcca351 V27075RLI
CORRSION MEASUEMENT SYSTEM 17 JLL 1987

3.5 WI. 39W

* am am

GRL VANIC CORRO05ION

E=11~ VEIGiIT a 3.994 o/CEJV ircorr *-0. 563 V
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Figure 54. 7075 Aluminum Coupled with Fe-Cr-Al

96

N ZA*W.v,.zOP - eW



MODEL 351 50N0304
CORROSION MERSUREMENT SYSTEM 13 SEP 1987
COWIENT
SHIELDED-LATE NIGHT 3.5 NIA

- z -@1 -78

749

74.

726

-IS-7

a 2161 3166 46366

a

GRLVRN I C CORRO51 ON
OqTE CREATED 22 JJL 1987 RUN DAPTE 22 JL 1987
RUN TIME - 12 :03:00

EUJTV WEIGHT - NONE ENTERED Ecorr a 3.55 v
DENSITY - NONE ENTERED ElImOI a a v
AREA - NONE ENTERED

Figure 55. 304 Stainless Steel Coupled with Sonoston
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H ME 351 5TLBRNZ
CORROS ION MEASUREMENT SYSTEM 13 SEP 1987
COMMENT:
3.5 NRCL 501W GK.V COR

4S

40 310
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'3W

2ft

ORT~ GRLVRNIC CORROSION
DAECRERTEf 19 JUL 1987 RULN DATE 19 AZ. 1987
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DENSITY a S.423 g/cm3 Ell-1 a 0 V
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CORR RATE a U WCY

*Figure 56. 304 Stainless Steel Coupled with 630
Bronze
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MODEL 35 I N[30455I
CORROSION MEASUREMENT SYSTEM 13 SEP 1987
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Figure 57. 304 Stainless Steel Coupled with Incramute
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APPENDIX B

PREPARATION OF 3.5% SODIUM CHLORIDE SOLUTION

3.5% Sodium Chloride solution was made from Sodium

Chloride Crystals which meets the ACS specifications.

Maximum limits of impurities are as under:

Constituents Percentage

Ba 0.001

Br 0.01

Cl, Mg 0.005

NOs 0.003

Pb 0.0005

1 0.002

Fe 0.0002

N 0.001

P04 0.0005

K 0.005

S04 0.004

35 grams of Sodium Chloride crystals were added for each

litre of distilled water. The solution was prepared in

parts of 15 litres at one time. 525 grams of Sodium
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Chloride crystals were mixed separately in about 2 litres of

distilled water. It was than heated slightly and !4cirred

until fully dissolved. This was than added to main bulk of

distilled water and allowed to settle for 24 hours. Any

insoluble impurities were drained off from bottom of the

container.
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APPENDIX C

STANDARD OPERATING PROCEDURES FOR THE MODEL 351

CORROSION MEASUREMENT SYSTEM

1. Prepare the specimen and the cell in accordance with

ASTM Standard G 5 -72 and Figure. Record

dimensions and weight of the sample.

2. Energize the Plotter and Potentiostat.

3. Energize the Model 1000 Processor.

4. Insert the Corrosion Operating Procedure diskette to

boot-up the system.

5. The program is menu driven. Enter appropriate

experimental data including time, date, etc. ... Insert a

diskette for data collection.

6. Return to the Main Menu and choose the desired

experimental technique. At this stage, previously used

experimental in - puts or new operating parameters can

be selected. Subtract .2463 cm2 and .0196 cm3 from the

calculated surface area and volume respectively.

These constants account for the loss in surface are a

due to the Teflon tip contact and the loss in volume

due to the sample holder penetration into the specimen.

7. Once experimental parameters have been selected, assign

the experiment to the corrosion cell.
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8. Energize the cell Enable switch (on the Potentiostat)

and run the experiment.

9. After the data collection is complete, return to the

Main Menu and store the experiment.

10. At this time, the experimental display can be plotted.

11. Corrosion rates can now be calculated from the

experimental results.
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